The development of one-pot imine formation and asymmetric Pictet-Spengler reactions cocatalyzed by a chiral thiourea and benzoic acid is described. Optically active tetrahydro--carbolines, ubiquitous structural motifs in biologically active natural products, are obtained in high ee directly from tryptamine and aldehyde precursors.
The Pictet-Spengler reaction is an important biosynthetic and laboratory method for the synthesis of tetrahydroisoquinolines and tetrahydro--carbolines, structural motifs in a diverse array of biologically active natural and unnatural products.
1,2 Whereas synthetically valuable diastereoselective Pictet-Spengler reactions are well-known, 3 catalytic, enantioselective variants have only recently been developed. 4 Chiral Lewis acids have not proven to be generally useful for the Pictet-Spengler reaction, a likely result of catalyst inhibition by the Lewis basic product. 5 Greater success has been achieved with Brønsted acid or hydrogen bond donor catalysts, albeit with specialized substrates. 6 Thus, asymmetric catalysis of Pictet-Spengler-type reactions has been reported with N-acyliminium ions 4a or N-sulfenyliminium ions 4b or with substrates biased toward cyclization and against competing aldol pathways by gem-disubstitution adjacent to the reactive imine. 4c An enantioselective, catalytic Pictet-Spengler protocol with broad substrate scope that affords unprotected tetrahydro--carboline products directly from simple tryptamine derivatives would represent a significant advance.
We have recently advanced a mechanistic model for asymmetric catalysis by thiourea derivatives in which substrate activation takes place via thiourea-mediated chloride abstraction to generate highly reactive N-acyliminium ions or oxocarbenium ions ( Figure 1 ). 7 This hypothesis suggests that a variety of other cationic intermediates, including protioiminium ions, could be activated toward enantioselective addition by analogous anion-binding mechanisms. In particular, we envisaged a catalytic cycle in which imine protonation is induced by a thiourea catalyst associated via H-bonding to the conjugate base of a weak Brønsted acid additive (Scheme 1).
8 Cyclization of the highly reactive protioiminium ion followed by rearomatization would regenerate the Brønsted acid cocatalyst. Herein, we report that chiral thiourea derivatives in combination with benzoic acid promote catalytic asymmetric Pictet-Spengler reactions of electronically and sterically diverse imines, providing unprotected tetrahydro--carbolines in high ee and yield.
We selected 6-methoxytryptamine derivative 2a as a model substrate. Methoxy-substituted tryptamine derivatives undergo cyclization in low enantioselectivity in the previously reported acyl-Pictet-Spengler reaction, 9 a significant limitation given the prevalence of methoxy-and hydroxysubstituted tetrahydro--carbolines in natural products. 10 Moreover, elevated temperatures (>-30°C) were required for acyl-Pictet-Spengler reactions of aryl imines, conditions under which the thiourea catalyst was subjected to decomposition via rapid S-acetylation. We reasoned that greater generality in the imine component would be possible in a nonacylative reaction. Imine 2a was screened against a variety of representative thiourea catalysts 11 and achiral Brønsted acids. In combination with acetic acid (AcOH), catalysts 4a 12 and 7a 13 provided tetrahydro--carboline 3a in high yield and 85% and -87% ee, respectively (Scheme 2). Notably, no product was observed in the absence of AcOH.
These initial results were obtained at room temperature, conditions under which imine formation is rapid. We therefore explored an operationally simpler protocol involving one-pot imine formation and thiourea-catalyzed PictetSpengler reaction. Treatment of tryptamine 9a and p-chlorobenzaldehyde with catalyst 4a in toluene provided product 3a in 88% ee and 54% yield (Table 1, entry 1). In contrast, sulfinamide 7a was a poor catalyst under in situ imine formation conditions, providing product in only 13% yield. A systematic evaluation of the influence of catalyst structure on both enantioselectivity and rate revealed that valinederived catalyst 4b afforded optimal results (entry 2).
14 This simple compound is prepared in 69% yield in three steps from commercially available N-methylbenzylamine and either D-or L-valine; only a single chromatographic purification is required. A screen of carboxylic acids revealed an increase in both enantioselectivity and rate with benzoic acid (PhCO 2 H) (entry 2 vs 4). 15 Under the in situ imine-formation conditions, highest yields and enantioselectivities were obtained in reactions carried out at lower concentration (entries 4-6).
A variety of substituted benzaldehyde derivatives proved to be suitable substrates in combination with 9a, providing tetrahydro--carboline products 3a-g in good to excellent ee's and yields (Table 2, entries 1-7). Substitution is tolerated at all ring positions of the aldehyde, with the shortest reaction times observed for ortho-and metasubstituted derivatives (entries 3-5). Less electron-rich tryptamines 9b and 9c also participated effectively in the condensation/cyclization reaction (89-99% ee), although (11) The catalysts shown in Scheme 2are available from SigmaAldrich.
(12) Catalysts analogous to 4a were first developed in the context of enantioselective Mannich-type reactions. Wenzel, A. G.; Lalonde, M. P.; Jacobsen, E. N. Synlett 2003 , 12, 1919 -1922 (13) Catalyst 7a promotes enantioselective allylation of acyl hydrazones. Tan, K. L.; Jacobsen, E. N. Angew. Chem., Int. Ed. 2007 , 46, 1315 -1317 (14) For a complete description of catalyst screening and reaction optimization, see the Supporting Information.
(15) Stronger acids, such as hydrogen chloride and methanesulfonic acid, provided product in low yield and ee, potentially due to catalyst inhibition due to protonation of the Lewis basic product. elevated acid loadings and temperatures and extended reaction times were required to achieve useful product yields (entries 8-10).
Aliphatic aldehydes displayed unexpected reactivity with tryptamine 9a in protio-Pictet-Spengler cyclizations catalyzed by 4b. Isobutyraldehyde underwent rapid reaction under the conditions optimized for aromatic aldehydes, affording product 3k in 60% conversion and 88% ee after 4 h at room temperature (entry 11). In contrast to aryl substrates, however, cyclization was also observed in the absence of PhCO 2 H. In fact, the enantioselectivity increased to 94% in the absence of acid additive, although much longer reaction times were required (entry 12). Both linear and R-branched aldehydes participated effectively in cyclizations with 9a (entries 12-14) . In contrast, less nucleophilic tryptamines such as 9b and 9c were unreactive under neutral conditions. The basis for this intriguing difference in reactivity is not well understood at this stage. For substrates such as 9b, use of acidic additive was necessary (e.g., entry 15), with reactions proceeding in high ee and in modest yield due to the competitive aldol pathways. We have identified a readily accessible chiral thiourea catalyst that promotes highly enantioselective Pictet-Spengler reactions for electronically and structurally diverse substrates under mild and operationally simple conditions. This method provides unprotected tetrahydro--carbolines in one step from tryptamine and aldehyde derivatives. Our current efforts are directed toward elucidation of the mechanism of co-catalysis by achiral Brønsted acids and application of this principle to other enantioselective reactions of synthetic interest.
